ABSTRACT. We have mapped the full crystallographic orientation of sea ice using electron backscatter diffraction (EBSD). This is the first time EBSD has been used to study sea ice. Platelet ice is a feature of sea ice near ice shelves. Ice crystals accumulate as an unconsolidated sub-ice platelet layer beneath the columnar ice (CI), where they are subsumed by the advancing sea-ice interface to form incorporated platelet ice (PI). As is well known, in CI the crystal preferred orientation comprises dominantly horizontal c-axes, while PI has c-axes varying between horizontal and vertical. For the first time, this study shows the a-axes of CI and PI are not random. Misorientation analysis has been used to illuminate the possible drivers of these alignments. In CI the misorientation angle distribution from random pairs and neighbour pairs of grains are indistinguishable, indicating the distributions are a consequence of crystal preferred orientation. Geometric selection during growth will develop the a-axis alignment in CI if ice growth in water is fastest parallel to the a-axis, as has previously been hypothesised. In contrast, in PI random-pair and neighbour-pair misorientation distributions are significantly different, suggesting mechanical rotation of crystals at grain boundaries as the most likely explanation.
INTRODUCTION
Ice crystals in nature have hexagonal symmetry (ice Ih; Pauling, 1935) , with three a-axes (one a linear combination of the other two) lying in the basal plane and a c-axis pointing perpendicular to this plane (e.g., Weeks, 2010; Petrich and Eicken, 2017) . Due to the kinetics of growth, ice grows up to ∼100 times faster in the basal plane compared with the thickening in the c-axis direction (Hillig, 1959) .
The initial skim of sea ice grows by vertical heat conduction from the ocean to the atmosphere. This initial layer of sea ice is composed of crystals with random orientations, usually because of turbulence in the water (Weeks, 2010) . Crystals with c-axis close to the horizontal grow faster so that other orientations are eliminated. This geometric selection (Kolmogorov, 1976) results in a column-like structure called columnar ice (CI) with vertically elongated grains, each with a horizontal c-axis. Sea ice that grows by heat conducted to the atmosphere is called congelation ice. The most common form of congelation ice has a columnar structure.
When sea water freezes, salt is rejected at the ice/water interface. The transport of salt into the bulk liquid occurs at a slower rate than the transport of heat, causing the brine immediately ahead of the interface to be constitutionally supercooled (e.g., Weeks, 2010) . Driven by the growth kinetics of ice and by the need to transport salt from the freezing face, the interface develops a morphological instability (e.g., Weeks, 2010; Petrich and Eicken, 2017) . The interface evolves into the lamellar structure shown in Fig. 1a . Lamellae (also called cells or platelets in the sea ice literature) within individual columnar grains, protrude into the underlying sea water (Fig. 1a) . As the ice/water interface advances (grows) liquid brine is trapped between lamellae creating a lamellar structure of ice layers and brine inclusions within a single columnar grain. Lamellae lie parallel to the basal plane within each columnar grain. Bennington (1963) pointed out that exchange of salt-rich brine at the interface is not inhibited where columnar grains have horizontal c-axes and lamellae are oriented vertically. In contrast, grains where the c-axis is at a high angle to the horizontal may form a trap for impurities. This means that the salinity, and hence the temperature, at the growing surface of a grain is dependent on its orientation.
About 44% of the Antarctic coastline is occupied by ice shelves, massive glacial bodies that have extended offshore to float on the ocean (Drewry and others, 1982) . As illustrated in Fig. 1b , land-fast sea ice near an ice shelf may be influenced by the outflow of supercooled water (water colder than its freezing point) from under the ice shelf (Foldvik and Kvinge, 1974; Lewis and Perkin, 1986) . We use the term frazil for tiny (millimetre dimensions) crystals in the water column and platelet for these crystals when they are in contact with the sea ice cover. Frazil in the supercooled outflow may accumulate under the sea-ice cover to form a porous, friable sub-ice platelet layer (Langhorne and others, 2015 , and references therein). The sub-ice platelet layer hosts the highest concentration of sea-ice algae in the biosphere (Arrigo and others, 2010) . With low variability in temperature and salinity, plenty of space and unlimited nutrients supplied by fluid flow, this highly porous sub-ice platelet layer is the main reason for the difference of the biomass accumulation between the Arctic and Antarctica (Arrigo, 2017) .
The advancing interface of congelation ice freezes the interstices in the sub-ice platelet layer, consolidating it to form incorporated platelet ice (PI). This process has been observed in thick section analysis (Gow and others, 1982; Jeffries and others, 1993; Smith and others, 2001 ) and simulated by sub-ice platelet layer dynamics (Dempsey and others, 2010; Wongpan and others, 2015) as illustrated in Fig. 1c . In these simulations a flux of frazil crystals arrived at the ice/water interface and each crystal was permitted to rotate in all three degrees of freedom until it was mechanically stable. A sub-ice platelet layer was predicted to form if the flux of frazil crystals exceeded the rate of advance of the congelation interface (Dempsey and others, 2010) . If the rate of advance of congelation ice is faster then individual frazil crystals may be incorporated into CI but no sub-ice platelet layer will form.
The structural evolution of PI has been interpreted based on c-axis orientation alone (e.g., Gow and others, 1982; Gough and others, 2012a; Dempsey and Langhorne, 2012) because optical measurement using the universal stage (Langway, 1958) can only measure the c-axis. In other words, an ice crystal was assumed to have cylindrical symmetry, instead of hexagonal symmetry (e.g., Morawiec, 1995) . Due to this limitation, grain boundaries in sea ice are usually constructed based on the difference of c-axis orientation among neighbour grains and the description of rotation around the c-axis is impossible.
One of the challenges is to measure full crystallographic orientation for sea ice (Weeks, 2010) . The full orientation was used to quantify microstructural processes at grain boundaries in petrology (e.g. Wheeler and others, 2001) . Misorientation distributions can be used to indicate whether physical interaction has occurred between grains, or whether the misorientations are just a consequence of the sample crystallographic preferred orientation (CPO) (Wheeler and others, 2001 ). To get a-axis orientations in sea ice, observations of etch pits have been used (Kawamura and Ono, 1980; Matsuda and Wakahama, 1978; Matsuda, 1979) but this is technically challenging and time-consuming. The only study of a-axes in sea ice is that of Kawamura and Ono (1980) on young Arctic sea ice (< 0.22 m thick). For this very thin sea ice, they did not find strong preferred orientation of a-axes, but the ice was also too thin to display the typical CPO of c-axes in the horizontal plane. The Laue X-ray diffraction method has been used to make full orientation measurements of ice crystals in ice-sheet samples from Greenland (Miyamoto and others, 2005, 2011) but has not been applied to sea-ice samples to our knowledge. Electron backscatter diffraction (EBSD) is a scanning electron microscope (SEM) method that enables the full crystal orientation of specific points in a sample to be measured (Prior and others, 1999) . The technology to carry out EBSD on the ice was developed in the mid 2000s (Iliescu and others, 2004; Obbard and others, 2006; Piazolo and others, 2008) . Prior and others (2015) made the technique more routine and developed methods to work on large ice samples, enabling the technique to be useful to the large crystals found in the seaice studies. In this paper, we present a pilot study of sea-ice microstructures based on full crystal measurements made by EBSD. We present and interpret EBSD data collected from samples from across the transition from columnar ice to incorporated platelet ice.
SAMPLES AND METHODS

Study sites
The sea-ice core analysed in this paper was retrieved in November 2011 from McMurdo Sound, Antarctica (Fig. 2a ) from the east site of Hughes and others (2014) . This ice core was transferred from the sea-ice site to the transitional facility at the University of Otago and was kept in storage at − 30°C. The physical and oceanographic conditions associated with this ice core were described by Hughes and others (2014) . The core length was 2.11 m and the columnar-incorporated platelet ice transition ( Fig. 2b ) was reported to be at 0.67 m (Hughes and others, 2014) . We selected samples to be above (CI) and below (PI) this transition. CI was from 0.55 to 0.60 m and PI was from 0.82 to 0.87 m (Fig. 2b ).
Sample preparation and EBSD data collection
We followed the protocol of Prior and others (2015) to perform EBSD on sea ice. First, samples were prepared in a cold room facility at − 25°C. We cut samples from a half cylinder into a cube (Figs. 3a, b) . From the cube, we sliced three surfaces and named them as CI-h and PI-h (horizontal cross sections) and CI-v2, CI-v3, PI-v1 and PI-v2 (vertical cross sections, Figs. 3c and 2b). We mounted samples onto copper plates. To obtain flat surfaces, samples were microtomed then ground using fine to ultra-fine sandpapers in the cold room. Samples were then cooled slowly to reach liquid nitrogen temperature and moved from the cold room to the SEM laboratory in a dry shipper at liquid nitrogen temperature. Salt was expelled at grain boundaries during cold room preparation. This salt covered the sample surface ( Fig. 4a ). To achieve a smooth surface for EBSD and single phase EBSD scanning, cold grinding (below − 60°C) of the surface was conducted in the SEM laboratory to remove the solid salt. Samples were transferred into the SEM chamber through a nitrogen-filled glove box to reduce frost. Surface sublimation in the SEM chamber, by pressure cycling (Prior and others, 2015) , removed frost and surface a b damage. EBSD data were collected on a Zeiss SIGMAVP FEGSEM using 30 kV accelerating voltage and ∼100 nA beam current. 5 Pa to 20 Pa of nitrogen gas pressure was used to control charging and sample stage temperatures were kept colder than − 80°C. EBSD patterns were imaged with a Nordlys F camera and raw data acquired using the AZTEC software from Oxford Instruments. Data were processed and imaged using custom-written MATLAB code calling appropriate algorithms from the MTEX toolbox (Bachmann and others, 2010) . The data quality of EBSD on natural sea ice had some limitations. First, brine and air pockets were an impediment to obtaining flat surfaces during sample preparation (Fig. 4a) . Analysis points in brine pockets give no diffraction pattern and are 'non-indexed' pixels in the EBSD data (Fig. 4b) . Non-indexed pixels, sometimes in patches, also occur where the sample comprises biological matter or nonalgal particulates and where there is surface contamination or poor sample polish. The versatile grain reconstruction algorithm by Bachmann and others (2011) was used to enable grains to be reconstructed without artefacts due to the non-indexed pixels.
Full orientation and colatitude analysis
EBSD yields full orientations at each pixel. There are various ways to present full orientations (e.g., Randle, 1992; Randle and Engler, 2009 ) and understanding some of these representations can be challenging. We will present each orientation in separate stereonets (Fig. 5) for the c-axes 〈0001〉, the a-axes 〈11 20〉 and the poles to m-planes f10 10g. Each measured orientation (Fig. 5a) gives rise to one c-axis, three a-axes and three m-planes (Figs. 5b-d) . A parameter that is frequently used in the analysis of ice CPOs (e.g., Treverrow and others, 2010) and is derived from the c-axis orientation is the colatitude. The colatitude (γ) of a grain is the angle between c-axis of that grain and the vertical (z) direction (Fig. 5) . The maximum colatitude is γ = 90°. This colatitude can be used to distinguish between columnar and platelet ice crystals. Columnar ice crystals are horizontal (γ ≈ 90°) while those of platelet crystals are varied and include vertical orientations (γ ≈ 0°) (Jeffries and others, 1993) . Treverrow and others (2010) used colatitude distributions to analyse marine ice formation, an analogous ice type to PI found beneath ice shelves. We decomposed grains for each sample into three subsets based on their colatitudes: sub-vertical grains (γ < 30°), inclined grains (30°≤ γ ≤ 60°) and subhorizontal grains (γ > 60°).
Misorientation analysis
The misorientation is the rotation needed to map one orientation onto another (see Wheeler and others (2001) 1a) . The most common way to represent misorientation is as an axis of rotation (misorientation axis) and an angle of rotation (misorientation angle). In ice, because of the hexagonal symmetry, there are 12 different angle axis pairs that describe the misorientation equally well (see Wheeler and others (2001) , their Fig. 1b) . By convention, we choose the pair with the minimum misorientation angle (Wheeler and others, 2001) . Two types of misorientation distribution can be calculated from EBSD data (Wheeler and others, 2001) . The random-pair and the neighbour-pair misorientation distributions are constructed by selecting pairs of grains at random, or selecting neighbouring grains, respectively. These distributions are visualised using histograms. Both histograms will differ from the curve for a random set of orientations if there is a CPO. Differences between the random and neighbour pair distributions imply that there is a physical interaction between grains (Wheeler and others, 2001 ). We excluded misorientation angles <5°from the statistical analysis because small misorientations data are prone to errors . Note that the maximum misorientation angle for hexagonal symmetry is 93.8° (Morawiec, 1995) .
RESULTS
Sea-ice structure overview and grain properties
An overview of microstructures and CPOs for all samples are plotted in Fig. 6 . Individual grains were segmented using the algorithm of Bachmann and others (2011) with a threshold of 5°as the lowest misorientation for a grain boundary. The statistics of grains for each sample are listed in Table 1 . Data from CI-h and PI-h (top rows in Figs. 6b, c) are segmented to distinguish different colatitudes in Fig. 7 .
Columnar ice average grain area, perimeter and aspect ratio (Table 1 ) of the horizontal cross section (CI-h) are two to three times smaller than those of vertical samples (CI-v2, CI-v3). In particular, the mean grain aspect ratio of CI is about two for the horizontal cross section but increases to between two and four for vertical sections. This reflects the column-shaped grains aligned vertically. CI-v3 shows the smallest (24) number of grains compared with other samples because it is dominated by the one big columnar grain (Fig. 6a) . The contouring stereonets (Fig. 6b) show three clusters of a-axes lying at 60°to each other, within a plane perpendicular to the c-axis cluster. One a-axis cluster is vertical. Three clusters of poles to m-planes also lie in the plane perpendicular to the c-axis cluster, each lying half way between two a-axis clusters. These patterns are shown in all three sample orientations (CI-h, CI-v2 and CIv3) and show that the CPO approximates a single crystal with a sub-horizontal c-axis and a vertical a-axis. For colatitudes (Fig. 7) In contrast to CI, for PI the differences between grain sizes and the aspect ratios of horizontal and vertical thin sections are small (Table 1) . Furthermore the mean grain aspect ratio of incorporated platelet ice remains approximately two for both horizontal and vertical sections. In Fig. 6c the patterns of a-axes and poles to m-planes are more complex in PI than in CI. In all three section orientations there are at least two planes (red great circles) that contain clusters of a-axes and poles to m-planes. In section PI-v1 there is a single, sub-horizontal, dominant cluster of the a-axes (red circle) and a dominant cluster (red square) and secondary cluster (red triangle) of poles to m-planes. In section PI-v2 there is a single dominant a-axis cluster (red circle) that overlaps the orientation of the dominant cluster in PI-v1. Two dominant clusters of poles to m-planes in PI-v2 match the positions of dominant clusters in PI-v1. Section PI-h has dominant clusters of both a-axes and poles to m-planes slightly oblique to the clusters in the vertical sections. The data from the vertical sections suggest on the scale of the sample there is a preferred orientation of a-axes and of the poles to m-planes lying within a sub-horizontal plane. The data from the vertical sections suggest that within the sample size there is a weak preferred orientation of a-axes and of the poles to m-planes within a sub-horizontal plane. For colatitudes, in PI (PI-h) there are 69 grains in the subhorizontal group, 82 grains in inclined and 50 grains in sub-vertical (Fig. 7) . Grains with similar colatitude angles tend to be physically close to each other, possibly because the ice crystals form clusters as they accumulate and grow at the ice/ocean interface.
Misorientation and colatitude analyses
Results of misorientation and colatitude analyses are illustrated in Figs. 8 and 9 , respectively. The theoretical misorientation and colatitude distributions from Morawiec (1995) and Treverrow and others (2010) for a sample with no CPO are also illustrated. Note that theoretical results of the cylindrical crystal symmetry for misorientation angle (Morawiec, 1995) and colatitude description (Treverrow and others, 2010) are equivalent.
In Fig. 8a the random-pair distribution of misorientation angles of CI deviates from the curve for no CPO, with a peak appearing at low misorientation angle (∼5°-35°) and a trough at higher misorientation angle (40°-90°). The random-pair and neighbour-pair distributions have similar characteristics. To test whether these two distributions are significantly different we performed a two-sample KolmogorovSmirnov test (K-S test). In Fig. 8c , empirical cumulative distribution functions (ECDF) are plotted to ascertain the similarity between the random-pair and neighbour-pair distributions. P-values from the K-S test are calculated using the maximum difference between the two ECDFs and the number of pairs in each sample. The null hypothesis is that the two distributions are drawn from the same data set. We used the 5% significance level. We reject the null hypothesis if the p-value is <0.05. The test fails to reject the null hypothesis for CI (p-value = 0.1, Fig. 8c ) which means the random-pair and neighbour-pair distributions are indistinguishable in our dataset. The colatitude distributions of CI strongly deviated from the random curve (Figs. 7 and  9a ). In Fig. 9c the colatitude difference distributions of both neighbour-pair and random-pair are dominated by small (0°-30°) angles and are approximately zero outside this range.
For PI (Fig. 8b ) the random-pair distribution of misorientation angle is compared with the curve for no CPO. From the K-S test, the difference between the random-pair and neighbour-pair misorientation distributions is significant in PI (p-value < 0.0001). The colatitude distribution in PI is also closer to the random curve (see Fig. 9b ) than CI but has some high peaks at low colatitude (Fig. 9b) . Randompair and neighbour-pair colatitude difference distributions are very similar to each other: this is true in both columnar (Fig. 9c ) and platelet ice (Fig. 9d) . This indicates that the difference distributions are just a function of the c-axis preferred orientations (as represented in stereonets and colatitude distributions). 
DISCUSSION
In sea ice, it is well known that geometric selection ensures that grains where the c-axis is sub-horizontal grow to form columns. Frazil crystals from ice shelf/ocean interaction arrive and are accreted and grow under the advancing interface of the sea-ice cover as platelet crystals (Figs. 1b and  10a ). This suggests that the microstructure of the PI is the blending of crystals from two different physical origins: the CI grains and platelet crystal grains (Figs. 10d, e) while in CI it evolves from a single origin.
In CI the CPO is a horizontal clustering of c-axes and vertical a-axes (Figs. 6a, b) . This alignment of c-axes in the horizontal plane in CI is probably explained by the dominant current direction at the time of formation (Langhorne, 1983; Langhorne and Robinson, 1986) . The dominance of vertical a-axes in thick columnar sea ice is a new result and is consistent with Weeks (2010)'s hypothesis that growth is fastest in the a-axis direction. There are some low-colatitude crystals in CI-h and CI-v2 which may be platelet crystals (Fig. 10d ) that have been incorporated because the frazil flux is much less than the growth rate of columnar ice (Dempsey and others, 2010 ).
The PI is complex (Figs. 6c, d ). Sub-vertical grains are likely to be platelet crystals that float up to the sea ice because most c-axes of CI crystals are sub-horizontal (Fig. 10c) . Inclined grains are those that have mechanically rotated beneath the rough ice interface of the sub-ice platelet layer as simulated by Dempsey and others (2010) and Wongpan and others (2015) . The crystal orientation data (Figs. 10d, e) illustrate that incorporated platelet ice may be a blending of columnar ice and accumulated frazil. This subset is similar to the majority of marine ice banding accretion (Fig. 11 of Treverrow and others (2010) ).
From the K-S test the difference between the random-pair and neighbour-pair misorientation distributions is statistically significant in PI but not in CI (Figs. 10b, c) . This implies that in PI, boundary processes may play a role or that more than one domain is present (Wheeler and others, 2001 ). The mechanical rotation modelled in Dempsey and others (2010) and Wongpan and others (2015) is the most likely process to orient the crystals in the sub-ice platelet layer. The presence of brine in the interstices among platelet crystals suggests that they are relatively free to rotate (Dempsey and others, 2010) . These interstices were probably filled with both settling platelet crystal growth and congelation ice as simulated with heat and mass transfer in Wongpan and others (2015) . The decrease in porosity during the incorporation process produces the interlocking microstructures of columnar and ice crystals in PI (Fig. 10e ) similar to the cumulated olivines in a feldspathic peridotite (Wheeler and others, 2001 ). Sea ice is well known for its sub-metre scale spatial inhomogeneities, especially in salinity distribution (Tucker and others, 1984; Eicken and others, 1991; Gough and others, 2012b) . However, Weeks and Gow (1980) observed 95% of the alignment of c-axes in CI along 1200 km of the Alaska coastline were clusters in the horizontal plane. In CI the physical driver of alignment is the direction of the current which has an influence at the regional scale, and is relatively much larger than the sample size. In PI, on the other hand, the alignment of crystals is mainly driven by the mechanical rotation of individual crystals (Dempsey and others, 2010; Wongpan and others, 2015) . The small sample size limits the generalisability of our results.
In future work, the understanding of the link between the mechanical rotation and a-axis alignment in PI could be improved by laboratory experiments and image capturing approaches similar to those used to study frazil ice formation others, 2014, 2015) . Recently McFarlane and others (2017) also adapted optical techniques to suit field observations. Visual evidence from both laboratory and the field could be combined with the EBSD technique. Misorientation and colatitude analyses explained in this paper could then be used to investigate the role of rotation on the alignment of a-axes in PI.
CONCLUSION
For the first time, EBSD has been used for the analysis of seaice microstructure and crystallographic preferred orientation in columnar and incorporated platelet ice. The full orientations obtained from EBSD contribute additional information of a-axis orientations not available optically. CI with c-axes horizontal has a-axes vertical. The CPO of c-axes in CI can be explained by geometric selection and the influence of ocean current at the time and location of the sea-ice formation, as is well known. Further the CPO of a-axes were found to have alignment in the vertical in agreement with the hypothesis of Weeks (2010) that growth is fastest in the a-axis direction. On the other hand, PI has c-axes between vertical and horizontal and there appears to be a weak alignment of a-axes. In PI, misorientation analysis shows the distribution of misorientation angles between any two grains in contact is not predicted by the orientation distribution of grains. This implies that there is mechanical interaction between platelet crystals in contact with each other that controls the boundary misorientation. The small sample size limits the generalisability of our results.
